The annihilation/production process e + + e − → ρ + + ρ − is studied with respect to the universal 
Quark counting rules [1, 2] have been shown useful in providing the leading asymptotic large momentum behavior of the scattering and annihilation/production amplitudes for the exclusive processes in QCD [3] . Relations between transverse and longitudinal parts of elastic form factors have also been studied within the quark model and QCD [4] . The counting rules were generalized [5] for the leading hard transverse momentum dependence of the Fock components of the hadronic light-front (LF) wave function in terms of the parton number, orbital momentum ( z ) and hadron helicity. Beyond that, the subleading power corrections consistent with the LF angular conditions were derived for the exclusive processes [6] . In particular, the leading order perturbative QCD (pQCD) prediction obtained from the dominance of helicity conserving amplitudes in the electromagnetic form factors (FFs) of vector meson, i.e. the charge monopole (G C ), magnetic dipole (G M ) and charge quadrupole form factors (G Q ), reads
η : 2 : −1 , (1) which is known as "universal ratios" [8] . The momentum transfer is q μ , η = Q G Q [7] is consistent with Eq. (1) at considerably high momentum transfer η >> 1. In the space-like region, the universal ratio from pQCD was checked in the zero-binding energy * Corresponding author.
E-mail address: tobias@ita.br (T. Frederico).
limit of spin-1 composite particle [8] . Subleading corrections to the form factor ratios with a dependence on a single momentum scale associated with the position of a zero in G M were introduced in [9] and applied to the analysis of the deuteron form factors, further explored in [10] .
Within the Weinberg-Salam model, it was shown [11] that the ratios in Eq. (1) are valid for the form factors of W W γ computed at tree level and the point-like W quark-antiquark vertex incorporates a manifestation of the vector anomaly in the looplevel amplitudes. Another interesting point of Eq. (1) is that it may imply the zero of G C in the SL region ideally at η = 3/2 (or Q = √ 6 m ρ ). There have been a few theoretical computations [12] [13] [14] [15] that reported a zero in the space-like region of G C . As the existence/absence of zero and the location of zero if it exists may not be determined solely by the leading order pQCD, it motivates to look into the sub-leading contributions in pQCD apart from the non-perturbative characteristics of QCD.
Space and time-like form factors in the asymptotic momentum transfer region should be identical according to the Phragmèn-Lindelöff theorem [16] . As the form factors are analytic functions of the momentum transfer q 2 , they should satisfy this theorem [16] as all the analytic functions of complex variables do (see e.g. Ref. [17] domain would be consistent with the direct TL analysis following the Phragmèn-Lindelöff theorem [16] . One of the earliest studies using the Phragmèn-Lindelöff theorem to relate the SL and TL nucleon form factors at high energies was presented in Ref. [18] . This theorem was used to prove the Pomeranchuk theorem and its generalizations. An analysis of the nucleon SL and TL electromagnetic form factors embodying the general properties discussed above was performed in Ref. [19] . A pedagogical discussion of the application of the Phragmèn-Lindelöff theorem can be found in the review of the SL and TL nucleon electromagnetic form factors [20] , where it was also stressed that pQCD predict the asymptotic values for SL and TL form factors to be equal at large momentum transfers, although this constraint is not yet confirmed by experiments. In general, the Phragmèn-Lindelöff theorem should constrain any model beyond the fundamental symmetries, that intend to represent the asymptotic region where pQCD applies.
The BaBar collaboration experiment [21] extracted the helicity electromagnetic amplitudes for the γ * → ρ + + ρ − from the e + + e − annihilation producing the pair of ρ mesons at √ s = q 2 = 10.58 GeV. The data brought information on the time-like ρ-meson form factors in the high-energy region where the relevance with the pQCD may be investigated. Within a parametrization satisfying the analyticity required in the Phragmèn-Lindelöff theorem, the data for the TL ρ meson form factors from the BaBar collaboration experiment were analyzed in Ref. [22] . They checked the consistency with pQCD prediction and they were not able to clearly see within their parametrization a full consistency with the ratios given in Eq. (1). That conclusion was in agreement with the suggestion [21] that other reaction mechanisms could contribute to the ρ production or otherwise the helicity conservation does not apply in order to be consistent with the data.
To address the above issue from the QCD side, one has to remind that the form factors of the composite vector particle G c , G M and G Q can be computed from the matrix elements of the "good component" (or the plus-component) [23] [29] , a fundamental constraint of rotational invariance, is satisfied by these LF helicity amplitudes. It was proposed to compute the spin-1 form factors in a new frame, where the momentum transfer is defined along the longitudinal direction, namely q + = 0 and q ⊥ = 0 [30] , not to involve the LF zero-mode issue of I + 00 . It was applied to the deuteron case [30, 31] without discussing explicitly the issue of the LF zero-mode and the angular condition. However, the pair current cannot be avoided to keep the covariance of the form factors for strongly bound systems, as it was exemplified for the meson form factors [32] [33] [34] . All of these issues are still relevant at high energies where our work concerns about.
The freedom to use different prescriptions to compute the vector particle form factors in the Drell-Yan frame from the helicity basis matrix elements allows us to analyze the contribution not only from I + 00 but also from √ ηI + 10 , ηI + 11 and ηI + 1−1 in the large momentum region. Due to these other contributions, we extend the universal ratios given by Eq. (1) to the more general form:
where α and β are modified from 1 and 2, respectively, by the other matrix elements beyond I + 00 . As we discuss in this work, this extension is still consistent with the LF angular condition. What we would like to find out is then how much modification we get for α and β from the universal values α = 1 and β = 2 in analyzing the available high-energy data. With that aim, we decided to study the TL region where the BaBar data of e + e − → ρ + ρ − was taken for √ s = 10.58 GeV [21] . This data has been analyzed before in
Ref. [22] .
With this in mind, we re-analyze the BaBar data to check the "universal ratios", using the LF helicity amplitudes which are frame independent (or invariant under LF kinematic transformations) and the angular condition in the LF dynamics (LFD) [29] which provides the rotational symmetry constraint to the LF helicity amplitudes. Our analysis is thus based on the following completely model independent constraints: (i) LF angular condition implemented in the SL region, which must be satisfied for any Q 2 > 0;
(ii) pQCD power counting rules for the LF helicity amplitudes must work for Q 2 2 Q C D ; (iii) Analyticity that relates SL and TL regions (see e.g. [17, 20] ).
In order to implement (i), we considered the minimum possible sub-leading contributions, which satisfy the LF angular condition.
In short, with respect to the work of Ref. [22] , we take advantage of the Phragmèn-Lindelöff theorem [16] to utilize the universal ratios computed up to the sub-leading order and apply them to the time-like region. As we are going to show, the comparison with the data from BaBar supports the conclusions of Ref. [22] , without using any particular form factor model.
Vector meson TL form factors and helicity amplitudes
We use the notation and definition given in Ref. [22] , which we supply in the following. The electromagnetic current of the spinone particle can be written in terms of three Lorentz invariant FFs to satisfy the current conservation, covariance and parity conservation. In order to establish precisely our definitions, we provide a summary of formulas, although they can be found in a couple of scattered references. In the TL region, the macroscopic EM current can be written as in Ref. [35] : 
where τ = q 2 /4m 2 ρ , and the inverse relations are given by
We remind the definition of the ordinary Jacob-Wick helicity amplitudes, F λ 1 λ 2 , given by the γ * → ρ + ρ − decay amplitudes:
2 ), (6) where the helicity states of the vector meson are λ 1 = λ ρ + , λ 2 = λ ρ − , and the helicity of the virtual photon is λ = λ γ * . Helicity conservation gives that λ = λ 1 − λ 2 and, therefore, F 1−1 = F −11 = 0 since the virtual photon has spin one. From symmetry properties, it follows that F −1−1 = F 11 and F 10 = −F 01 = F −10 = −F 0−1 and we are left with only three independent helicity amplitudes. These quantities are linear combination of the three covariant FFs to describe the matrix elements of the hadronic EM current for the virtual photon decay in the TL region and also for the photon absorption in the SL process. According to Ref. [22] , instead the helicity amplitudes defined in Eq. (6), what we call the Breit helicity amplitudes F B λ 1 λ 2 is used to simplify the cross section analysis. They are related to F λ 1 λ 2 as follows:
The following relations hold between these quantities and the ρ-meson FFs:
,
In terms of the charge, dipole and quadrupole form factors, the helicity amplitudes read:
and these form factors will be written in terms of the LF helicity basis matrix elements of the current. The detailed discussion on the relation between the ordinary Jacob-Wick helicity and the LF helicity can be found in Ref. [36] .
Sub-leading contributions to the helicity matrix elements
Our analysis of the sub-leading contributions to the "universal ratios" is performed for convenience in the SL region, where the angular condition for the LF helicity basis matrix elements of the "good component" of the EM current in the Drell-Yan frame has already been discussed at length in several works. The FFs are analytic functions of q 2 , which relates by analyticity the SL and TL regions (see e.g. Ref. [17] for a discussion of the meson FFs and Ref. [20] for the nucleon case), and therefore the sub-leading contributions to the FFs found in the SL region can be 
without containing explicitly the leading LF helicity amplitude I + 00 which is used to derive the "universal ratios" in Ref. [8] . The angular condition satisfied by the matrix elements establishes the agreement between the FFs obtained with different prescriptions (see a discussion on that in Ref. [34] ). In essence, we could choose any of the prescriptions to extract the FFs, as the angular condition will be satisfied exactly by the pQCD parametrization formula with the addition of sub-leading contributions at large momentum. The consistency with the light-front angular condition, namely
(1 + 2η)I
is exactly fulfilled by using the matrix element ratios:
which includes the sub-leading contributions. The parameters c 1 and c 2 should be same both for SL and TL according to the Phragmèn-Lindelöff theorem [16] and we extract them from the BaBar TL data in this work. The SL electromagnetic form factors in terms of the new parametrization of the matrix elements of the current given in Eq. (12) , and substituting them in the formulas (10) yields
where for convenience we introduce the auxiliary quantity f
η) : β : −1, where
while 
In terms of α and β, the form factors can be written as: 
where f + 00 now represents this quantity for q
Eq. (17) in Eq. (9), the Breit helicity amplitudes used in Ref. [22] becomes:
The above form of the Breit helicity amplitudes is used in our analysis of the BaBar data for e + e − → ρ + ρ − at √ s = 10.58 GeV [21] .
The Breit helicity amplitudes with the values of α = 1 and β = 2 corresponding to "universal ratios" of FFs yield
The BaBar experimental ratio of the moduli squared of three independent amplitudes at √ s = 10.58 GeV [21] was given by 
with the following normalization:
If we take the experimental middle value 0.51 for |F (22) which indicates that the asymptotic region has not yet been reached at √ s = 10.58 GeV in the BaBar experiment [21] .
The values of α and β for the BaBar data can be extracted from the values of the experimental ratios given by Eq. (20) . There are four possible solutions as only the squares of the helicity amplitudes are provided by the data. The results are given in Table 1 , Table 1 Extracted values of α and β from the BaBar ratios (20) given in Table 1 . The central point is the parameter set for the "universal ratios", i.e. 
{1, 2}. The sets (I) and (II) indicate a zero in
which is presented in the last line of Table 1 . We observe that the extracted values are far apart from α = 1 and β = 2 that characterize the "universal ratios". In particular, the extracted values of α appear quite offset from α = 1 although they have rather significant uncertainties. Therefore, subleading contributions to the ρ-meson helicity amplitudes look highly relevant for the BaBar energy of √ s = 10.58 GeV. In Fig. 1 , the results from the fit to the Babar data are shown along with the "universal ratios" point (α = 1, β = 2) in the parametric space (α, β). Two sets of solutions with α < 0 do not have zero in G C for SL momentum transfers.
Phenomenological models present a zero in G C around 3-5 GeV (see e.g. Ref. [12] [13] [14] [15] ), and the solution sets (I) and (II) exhibit a zero, although the position of Q 0 in (I) is more offset than that in (II) from the ones obtained by phenomenological models. We also explore the sensitivity of the helicity amplitudes according to the BaBar data given by Eq. (20) to the fitted parameters in the energy dependence. We show in Fig. 2 Table 1 .
4.
Prediction for e + e − → ρ + ρ − cross-section
The cross-section for e + e − → ρ + ρ − can be written in terms of the time-like FFs: The sets (I) and (II) indicate a zero in G C in the SL region. Table 1. where ᾱ is the fine structure constant and β = √ 1 − τ −1 is the vector meson velocity in the center of mass system of the e + e − collision in units of the speed of light. In terms of the Breit helicity amplitudes, the form of the cross-section is simplified as [22] : .
The differential cross-section is given by
where z = cos θ .
The e + e − → ρ + ρ − total cross-section at √ s = 10.58 GeV was also obtained by the BaBar collaboration in Ref. [21] :
This value is used to normalize the cross-section, which we compute with the Breit helicity amplitudes given by Eq. (18), using the parameters given in Table 1 . These amplitudes are proportional to the auxiliary form factor amplitude f + 00 , which carries dependence on s(= q 2 ). Power counting rules within pQCD predict that
The computed cross-section for the sets of parametrization (I)-(IV) normalized to the BaBar value are shown in the left panel of Fig. 3 . Although the parameter sets in Table 1 However, as the energy decreases the cross-section shows some sensitivity to the sets (I)-(IV) from Table 1 . The validity of expansion of the matrix elements only up to the sub-leading order may be questionable for the significantly lower values of s. This motivates us to look at the differential cross-section just for somewhat lower values of s. In Fig. 4 Table 1. some sensitivity with the different sets of parametrization in this energy region. In particular, the difference between (I) and (II) for s = 36 GeV 2 seems to disappear, while at 60 GeV 2 all four sets of parametrization present distinct results. If we take into account the error bars in each parametrization, the difference in the results from different parameter sets is significantly washed out.
Summary
The annihilation/production process e + + e − → ρ + + ρ − from the BaBar experiment at √ s = 10.58 GeV is analyzed in purview of the universal pQCD predictions. We considered the sub-leading contributions to the helicity matrix elements of the electromagnetic current beyond the universal leading pQCD amplitudes such that the matrix elements of the ρ-meson electromagnetic current satisfy the constraint dictated by the light-front angular condition. We observe that the data from the BaBar collaboration puts a stringent limit to the onset of asymptotic pQCD behavior. According to Eq. (12), the matrix element of I + 10 suggests that the subleading term won't be relevant for |c 1 | >> |c 2 |/τ . Using Eq. (15) to write in terms of α and β, we have a corresponding inequality given by
where we have 
which gives a bound between 4-11 GeV, for the parameters from Table 1 , and consistent with the previous analysis. That gives further support to √ s >> 40 Q C D for the dominance of the leading pQCD behavior in this process. We add that still the puzzle is the large values of α compared to 1 from the "universal ratios"
although they come with rather large uncertainties. Also, the β values are different from the value of 2, namely the pQCD prediction in leading order, while the difference is not by an order of magnitude but by some factor less than five or so. The unpolarized data is not able to disentangle between the different solutions for the parametrizations, although the sign of α might be relevant in regard to the presence or absence of a zero in the charge form factor in the SL region. In principle, the polarization data could constrain the parametrizations and reduce the ambiguity found for the different fitting solutions relying only on the knowledge of the squares of the Babar Breit helicity amplitudes. Clearly, more data are needed to constrain the parameters to access the information on the leading and sub-leading pQCD terms.
We have estimated the e + + e − → ρ + + ρ − total cross-section between 60 and 160 GeV 2 , where the sub-leading contributions may be still considerable as our analyses have shown. At the lower values of s, the differential angular cross-section shows some sensitivity to the different solutions of the fit. However, both the normalization to the cross-section data and the errors in the parameters hinder the difference between parametrizations and our hope is to motivate further experimental research considering also polarization observables. The data at the energies higher than √ s = 10.58 GeV will be very useful as the values of α and β can be easily re-estimated to see if they converge to α = 1 and β = 2.
This will be an important check on the "universal ratios" of spin-1 form factors from the perspective of pQCD.
